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Summary
Background: Sister-chromatid cohesion depends on
the cohesin complex whose association with chromatin
is mediated by Scc2 and Scc4 in budding yeast. Both
cohesin and Scc2 have been conserved from yeast to
humans, but no Scc4 orthologs have been identified.
Mutation of Scc2 orthologs causes defects in cohesion,
transcription, and development, resulting in Cornelia de
Lange syndrome in humans.
Results: We have identified a family of tetratricopeptide
repeat proteins that share weak sequence similarities
with yeast Scc4. This family includes MAU-2, which is
required for development of the nervous system in Cae-
norhabditis elegans. We show that the human member
of this family is associated with Scc2, is bound to chro-
matin from telophase until prophase, and is required for
association of cohesin with chromatin during inter-
phase. Cells lacking Scc4 lose sister-chromatid cohe-
sion precociously and arrest in prometaphase. Mitotic
chromosomes in Scc4-depleted cells lack cohesin,
even though the cohesin-protecting proteins Sgo1 and
Bub1 are normally enriched at centromeres and sepa-
rase does not seem to be active.
Conclusion: Our data indicate that human Scc4 is re-
quired for the association of cohesin with chromatin,
which is a prerequisite for the establishment of sister-
chromatid cohesion and for chromosome biorientation
in mitosis. The proteinaceous machinery that is re-
quired for loading of cohesin onto chromatin is there-
fore conserved from yeast to humans. The finding
that Caenorhabditis elegans MAU-2 is an ortholog of
Scc4 further supports the notion that the Scc2-Scc4
complex is required for developmental processes in
metazoans.
Introduction
Sister chromatids remain connected from S phase until
they are segregated during anaphase of mitosis or
meiosis II. This cohesion counteracts the pulling forces
that are exerted by spindle microtubules on sister
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try, Oxford, United Kingdom.kinetochores and thereby allows the biorientation of
chromosomes on the mitotic spindle (for review, see
[1–3]). Sister-chromatid cohesion is also essential for
the segregation of homologous chromosomes during
meiosis I (reviewed in [4]), and for repair of DNA dou-
ble-strand breaks during G2 phase [5].
In all eukaryotes analyzed so far, cohesion depends
on cohesin, a protein complex that contains two large
ATPases, called Smc1 and Smc3, of the structural main-
tenance of chromosomes (SMC) family. The ATPase do-
mains of Smc1 and Smc3 are joined together by the a-
kleisin subunit Scc1/Mcd1/Rad21. This protein is bound
by a fourth subunit, called Scc3 in budding yeast, that
exists in different isoforms, called SA1 or SA2, in so-
matic vertebrate cells (reviewed in [3]).
Because cohesin mediates sister-chromatid cohe-
sion, cohesin has either to be removed from chromo-
somes or to be destroyed before anaphase can take
place. In budding yeast, the bulk of cohesin is destroyed
at anaphase onset by cleavage of Scc1 by the protease
separase [6]. In contrast, vertebrate cells remove the
majority of cohesin from chromosome arms during pro-
phase without Scc1 cleavage [7–9]. This ‘‘prophase
pathway’’ depends at least in part on SA2 phosphoryla-
tion, which appears to be mediated by the Polo-like ki-
nase Plk1 [10–13]. At centromeres, a small amount of co-
hesin is protected from the prophase pathway by the
shugoshin protein Sgo1, whose centromeric localization
depends on the protein kinase Bub1 [14–17]. Cohesin
complexes that are still associated with chromosomes
in metaphase are then destroyed by separase [9, 18].
In vertebrates, the cohesin complexes that have been
removed from chromosomes by the prophase pathway
begin to reassociate with chromatin during telophase,
long before cohesion can be established during S phase
[7, 8]. How this binding occurs is poorly understood. In
budding yeast, the ATPase activities of Smc1 and
Smc3 are required for this process [19, 20], as are the
proteins Scc2 and Scc4, which interact with each other,
but only weakly with cohesin [21, 22].
Orthologs of Scc2 have also been identified in fission
yeast (Mis4), Coprinus cireneus (Rad9), Drosophila
(Nipped-B), Xenopus (XScc2), and humans (NIPBL/
Delangin/Scc2) [23–29]. In all of these species, mutation
or depletion of the Scc2 ortholog causes defects in sis-
ter-chromatid cohesion, and in Xenopus it has been
shown that Scc2 is required for the loading of cohesin
onto chromatin [26, 29], suggesting that this function
of Scc2 has been conserved during evolution. In Xeno-
pus egg extracts, but not in budding yeast, the associa-
tion of both Scc2 and cohesin with chromosomes further
depends on the assembly of prereplicative complexes
during mitotic exit [26, 29].
Drosophila Nipped-B was initially identified as a gene
that facilitates transcriptional activationofspecificgenes
by remote enhancer sequences [30]. Recently, muta-
tions inhuman Scc2 were found in patients suffering from
Cornelia de Lange syndrome, a dominantly inherited
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fects, and growth and cognitive retardation [24, 27]. Link-
age analyses imply that these mutations are the cause of
Cornelia de Lange syndrome, and it has been proposed
that mutation of Scc2 leads to these abnormalities by
causing defects in the developmental regulation of
gene expression. Whether Scc2 has independent func-
tions in cohesion and transcription, or whether one of
these functions is an indirect consequence of the other,
remains unknown.
In contrast to the situation with Scc2, orthologs of
yeast Scc4 could so far not be identified in other species.
This situation was surprising because all other compo-
nents of the sister-chromatid cohesion apparatus that
were genetically identified in budding yeast were subse-
quently found to be conserved in their sequences in
higher eukaryotes. It was therefore unknown whether
Scc4 represented a gene that evolved specifically in
yeast, or whether Scc4 orthologs might also exist in
higher eukaryotes and, if so, what their functions might
be. Here, we describe the characterization of a protein
family that shares weak sequence similarities with bud-
ding yeast Scc4. We show that the human member of
this Scc4 protein family is associated with Scc2 and is
required for association of cohesin with chromatin, indi-
cating that the function of Scc4 has been conserved from
yeast to humans.
Results
Identification of TPR Proteins Distantly Related
to Budding Yeast Scc4
To identify orthologs of Saccharomyces cerevisae Scc4,
we searched the NCBI nonredundant protein database
with the PSI-BLAST program [31]. Candidate sequences
identified in the genomes of several ascomycetes (Neu-
rospora crassa, Magnaporthe grisea, Gibberella zeae,
and Schizosaccharomyces pombe) were aligned, and
the conserved regions were used for further PSI-BLAST
searches. A search with amino acid residues 335–899 of
M. grisea Scc4 identified additional candidate ortholo-
gous sequences from other Ascomycota, from Anophe-
lesgambiae (round 2, E value 7e-04), and fromTetraodon
nigroviridis, Homo sapiens (KIAA0892), Pan troglodytes,
Mus musculus, and Rattus norvegicus (round 2, E value
0.001). All of the metazoan sequences are members of
the uncharacterized family cluster KOG2300 ([32]; CD
search E value <1e-50). The orthology relationship was
confirmed by reciprocal reiterative PSI-BLAST searches
(data not shown). Scc4 orthologs may thus be present in
the genomes of many eukaryotes, including fungi,
plants, invertebrates, and vertebrates (Figure 1A).
The sequence conservation among members of the
Scc4 family is based on a common pattern of hydropho-
bic and polar residues and on a few conserved residues,
but there are no regions of high sequence similarity
(Figure 1B, Figure S1 in the Supplemental Data available
online). Analyses of Scc4 family members by using the
consensus secondary-structure prediction server at
the Pole Bioinformatique Lyonnais [33] predicted that
these proteins consist of tandemly arranged a helices
that are of 10–15 amino acids in length and are arranged
in tetratricopeptide repeats (TPRs). In the case of Xeno-
pus and human Scc4, six TPRs could be identifiedunequivocally and six other ones with lower confidence
(Figure 1B).
Scc4 Interacts with Scc2 in Xenopus
and Human Cells
To characterize the vertebrate members of the Scc4
family, we raised C-terminal peptide antibodies against
the human and Xenopus proteins. In immunoblot exper-
iments, purified Scc4 antibodies specifically recognized
in vitro-translated human Scc4 that migrates as a 66 kDa
protein in SDS-PAGE, close to the molecular weight of
69 kDa that is predicted for human Scc4 (Figure 2A).
These antibodies also recognized 66 kDa bands in total
and nucleoplasmic (NPE) extracts from logarithmically
proliferating HeLa cells (Figures 2A and 2B) and a 66/
68 kDa doublet in total interphase extracts and NPE
from Xenopus eggs (Figure S4C and data not shown).
These results and the observation that the human 66
kDa antigen can be depleted by Scc4 specific siRNAs
(see below) indicate that the antibodies recognize Scc4.
To address whether the vertebrate Scc4 proteins inter-
act with Scc2, we isolated cDNAs encoding Xenopus
Scc2 and raised antibodies to both Xenopus and human
Scc2. We identified two very similar but distinct Scc2
genes, possibly as a result of the pseudotetraploid na-
ture of the Xenopus laevis genome. We refer to these
genes as Scc2-1 and Scc2-2. Each of these can be alter-
natively spliced into two different forms (called A and B)
that differ at their 30 ends (Figure S2). Xenopus eggs may
therefore contain four different Scc2 proteins, two
shorter (Scc2-1A, Scc2-2A) and two longer isoforms
(Scc2-1B, Scc2-2B). Gillespie and Hirano have previ-
ously isolated two partial Xenopus Scc2 cDNAs, called
Scc2A and Scc2B, that were proposed to be splice prod-
ucts derived from the same gene [29]. Our sequence
analyses indicate that Scc2A is part of Scc2-1A and
that Scc2B is part of Scc2-2B (Figure S3).
Unlike Scc4, human and Xenopus Scc2 proteins are
highly related in their sequences (Figure S2 and Table
S1). We chose conserved regions in the Xenopus Scc2
protein sequences for the generation of two peptide an-
tibodies (numbers 114 and 133). These antibodies are
predicted to recognize all four isoforms of Xenopus
Scc2 and are also able to recognize human Scc2
(Figure S4; Figures 2B and 2C).
In immunoprecipitation experiments, Scc4 and the
two different Scc2 antibodies were able to coprecipitate
Scc4 and Scc2 from HeLa and Xenopus NPE, whereas
neither Scc4 nor Scc2 could be precipitated by control
immunoglobulins (Figure 2B; Figure S4C). Scc4 could
also be precipitated by a third, previously characterized
antibody to Xenopus Scc2 (referred to as #1 in Figure
S4C, [26]). As shown in Figure 2C, Scc4 and Scc2 also
cosedimented in sucrose density-gradient centrifuga-
tion experiments with a sedimentation coefficient of
11S to 13S (peak 12S). Scc4 and Scc2 could be coimmu-
noprecipitated from these fractions, and a small amount
of Scc1 could be detected in these immunoprecipitates
by western blotting, but we could not detect interactions
between Scc2/Scc4 and cohesin in crude-cell extracts
(data not shown). These results indicate that vertebrate
Scc4 proteins bind to Scc2, but interactions between
soluble forms of Scc2/Scc4 and cohesin are presumably
very transient.
Scc4 and Regulation of Cohesin in Human Cells
865Figure 1. Identification of TPR Proteins that
Are Related to Budding Yeast Scc4
(A) Phylogenetic tree of selected members of
the Scc4 family. The scale bar corresponds to
0.069 estimated amino acid substitutions per
site.
(B) Bar diagram of Xenopus (Xl) and human
(Hs) Scc4 sequences. Sequences that are ei-
ther clearly or possibly TPRs are colored in
dark and light pink, respectively. A multiple
sequence alignments of one TPR is shown
below.Scc4 Binds to Chromatin from the End
of Mitosis until Prophase
To analyze the intracellular localization of Scc4, we per-
formed immunofluorescence-microscopy experiments,
and we established HeLa cell lines that constitutively ex-
press a version of Scc4 that is fused to enhanced green
fluorescent protein (EGFP) at its N terminus. Western-
blot analyses of these cells indicated that EGFP-Scc4
is expressed at levels that are similar to the levels of en-
dogenous Scc4 (Figure 3A), and immunoprecipitation
experiments that were analyzed by immunoblotting
and mass spectrometry showed that EGFP-Scc4 can as-
sociate with endogenous Scc2 (Figure S5A and data not
shown). When fixed cells were analyzed by fluorescence
microscopy, we found that EGFP-Scc4 is predominantly
located in the cell nucleus in interphase and redistributes
throughout the cytoplasm after nuclear-envelope break-
down in mitosis. No enrichment on mitotic chromo-
somes could be observed (Figure 3B), even when soluble
proteins were removed by pre-extraction (data not
shown). Similar results were obtained when HeLa cells
were pre-extracted and stained with Scc4 or Scc2 (114)
antibodies (Figure 3C). In these experiments, strong fluo-
rescent signals were seen on chromatin in interphase
and telophase cells, and weak signals were seen onprophase chromosomes. The intensities of these signals
were greatly reduced in cells in which Scc4 or Scc2 were
depleted (see Figure 4E), indicating that these immuno-
fluorescence signals are specific. In contrast, only very
weak signals could be detected with Scc2 and Scc4 an-
tibodies on chromosomes from prometaphase until ana-
phase, and these signals could not be abolished by RNAi
(data not shown), indicating that they are not specific.
These observations imply that fractions of Scc2 and
Scc4 are chromatin bound from telophase until pro-
phase of the next mitosis and then become soluble dur-
ing mitosis.
The Loading of Cohesin onto Chromatin
Depends on Scc4
To address whether vertebrate and yeast Scc4 proteins
are functionally related, we analyzed whether human
Scc4 is required for the association of cohesin with
chromatin. First, we depleted Scc4 from logarithmically
proliferating HeLa cells by transfection with siRNAs and
analyzed by western blotting how much cohesin is
found in chromatin fractions. Because we noticed that
Scc4 depletion delays cells in mitosis (see below), and
because the bulk of cohesin dissociates from chromo-
somes in mitosis, we removed mitotic cells in these
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effects of Scc4 depletion. We collected interphase cells
48 hr after siRNA transfection and fractionated these
cells and control-treated cells into cytoplasmic (S1), nu-
cleoplasmic (S3), and chromatin-containing (P3) frac-
tions. In control cells, the majority of Scc4 and cohesin
subunits was recovered in the chromatin fraction (P3),
some was detected in the nucleoplasmic fraction (S3),
and little if any was detected in the cytoplasmic fraction
(S1). In contrast, very little Scc4 could be detected in any
of these fractions after transfection with Scc4 siRNAs,
Figure 2. Human and Xenopus Scc4 Are Associated with Scc2
(A) Characterization of Scc4 antibodies. Rabbit reticulocyte lysates
with (+) or without (2) in vitro-translated human Scc4, as well as total
and nucleoplasmic (NPE) extracts from HeLa cells, were analyzed by
SDS-PAGE and immunoblotting with Scc4 antibodies.
(B) Scc4 and Scc2 proteins were immunoprecipitated from HeLa
NPE by using Scc4 and Scc2 antibodies (114 and 133). The immuno-
precipitates were analyzed by SDS-PAGE and immunoblotting as
indicated.
(C) HeLa NPE was separated by density-gradient centrifugation into
20 fractions and analyzed by immunoblotting. Blots of the first ten
fractions are shown. The condensin subunit CAP-D2 was analyzed
as a sedimentation marker.and the bulk of cohesin subunits was now detected in
the nucleoplasmic fraction S3, and only reduced
amounts were present in the chromatin fraction P3
(Figure 4A). Western-blot analyses of dilution series of
P3 indicated that Scc4 depletion led to a 2- to 3-fold re-
duction of cohesin in the chromatin fraction (Figure 4B).
The redistribution from the chromatin fraction to the
nucleoplasmic fraction appeared to be specific for cohe-
sin because neither ORC2 nor core histones were altered
in their distribution after Scc4 depletion (Figures 4A and
4B). The reduced recovery of cohesin subunits in the
chromatin fraction was also not due to a general de-
crease in the cellular amounts of cohesin or to defects
in assembly of the cohesin complex because Scc4 de-
pletion neither affected the levels of Scc1, Smc3, SA1,
or SA2 nor reduced the ability of Smc3 antibodies to
coimmunoprecipitate Scc1, Smc3, SA1, and SA2
(Figure 4C). These experiments revealed, however, that
depletion of Scc4 led also to depletion of Scc2, and con-
versely that depletion of Scc2 by RNAi also greatly re-
duced the cellular levels of Scc4 (Figure 4C), implying
that the physical association between these proteins is
required for their stability.
Because cohesin begins to associate with chromatin
in telophase [7, 8], we analyzed whether Scc4 is required
for cohesin loading during mitotic exit. Because Scc4 de-
pletion delays mitotic exit (see below), we used condi-
tions for this experiment in which Scc4 is only partially
depleted (see Supplemental Experimental Procedures).
Cells transfected with control or Scc4 siRNAs were syn-
chronized in S phase with thymidine, released, and sub-
sequently arrested in prometaphase by nocodazole
treatment. Mitotic cells were collected by shake-off
and released from the prometaphase arrest for various
amounts of time, and total extracts and chromatin frac-
tions prepared from these cells were analyzed by immu-
noblotting (Figure 4D). In nocodazole-arrested cells, little
if any Scc4 and cohesin could be detected in chromatin
fractions, consistent with the observation that in prome-
taphase-arrested cells, only minute amounts of cohesin
persist on chromosomes [12, 18]. However, in control
cells, both Scc4 and most cohesin subunits could be de-
tected in chromatin fractions 1 hr after release from no-
codazole, higher levels could be detected after 2 hr,
and from then on roughly constant amounts were seen.
In contrast, after Scc4 depletion, most cohesin subunits
were only detected in chromatin fractions 2 to 3 hr after
the release, and even after 9 hr, the amounts of cohesin
in this fraction were still slightly reduced. The reduced
amounts of cohesin were not due to delayed exit from mi-
tosis because degradation of cyclin B1, association of
HP1a with chromatin, and dissociation of the condensin
I subunit CAP-D2 from chromatin were not delayed
(Figure 4D). Our observations therefore imply that Scc4
is required for the timely association of cohesin with
chromatin in telophase. However, the accumulation of
cohesin in chromatin fractions was not completely abol-
ished in our experiments. This could be due to incom-
plete depletion of Scc4, or it could be due to Scc4-inde-
pendent modes of cohesin association with chromatin.
To test further whether Scc4 is required for associa-
tion of cohesin with chromatin, we transfected cells
with Scc4 siRNAs, removed soluble proteins after
48 hr by pre-extraction, and stained the cells with
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somes in Prophase and Rebinds in Telophase
(A) Extracts from wild-type (WT) HeLa cells or
HeLa cells that stably expressed human
EGFP-Scc4 were analyzed by immunoblot-
ting with Scc4, GFP, and Scc1 antibodies.
Note that the levels of EGFP-Scc4 are com-
parable to the levels of endogenous Scc4
(left panel).
(B) Colocalization of EGFP-Scc4 and cohe-
sin. Cells expressing EGFP-Scc4 were fixed
with formaldehyde, stained with Scc1 anti-
bodies, and analyzed by fluorescence mi-
croscopy. Cells in interphase and metaphase
are shown.
(C) Immunolocalization of Scc4 and Scc2 in
pre-extracted HeLa cells. Bars represent
10 mm.antibodies to Scc1. Much less cohesin was seen in as-
sociation with chromatin in interphase nuclei of Scc4 de-
pleted cells than in control cells (Figure 4E, Figure S5),
consistent with the biochemical-fractionation experi-
ments. Similar results were obtained in Scc2-depleted
cells (Figure 4E).
We also observed that little Scc4 can be detected on
chromatin in Scc2-depleted cells (Figure 4E), possibly
because Scc2 is required for Scc4 stability (Figure 4C).
Surprisingly, Scc2 signals on chromatin were not detect-
ably reduced after Scc4 depletion, although cellular
Scc2 levels decreased after Scc4 depletion (Figure 4C)
and although the immunofluorescence signal obtained
with Scc2 antibodies is specifically due to Scc2 (Figure
4E). We do not know the reason for this discrepancy,
but one possibility is that Scc4 depletion preferentially
destabilizes Scc2 molecules that are not chromatin
bound.
We also used immunofluorescence-microscopy ex-
periments to ask whether cohesin might be required
for the association of Scc4 and Scc2 with chromatin.
Figure 4E shows that this is not the case becausetransfection of cells with Scc1 siRNAs did not reduce
Scc4 and Scc2 chromatin staining in pre-extracted cells,
although only little if any cohesin could be detected un-
der these conditions.
Scc4 Depletion Causes Precocious Loss of Sister-
Chromatid Cohesion and Prometaphase Arrest
If Scc4 is required for loading of cohesin onto chromatin,
Scc4 depletion should cause sister-chromatid cohesion
defects, which in turn are predicted to activate the spin-
dle-assembly checkpoint and delay progression
through mitosis. To test these predictions, we analyzed
mitosis in Scc4-depleted cells and compared them to
cells in which either Scc2 or Scc1 was depleted. When
logarithmically proliferating HeLa cells were transfected
with the corresponding siRNAs and were analyzed by
DAPI staining 72 hr later, we observed a 2- to 3-fold in-
crease in mitotic index (data not shown). This increase
appeared to be largely due to accumulation of cells in
prometaphase because 52% of mitotic Scc4-depleted
cells were at this stage of mitosis, compared to only
23% of mitotic control cells, whereas the frequency of
Current Biology
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Amounts of Cohesin onto Chromatin without
Affecting Cohesin Assembly and Levels
Cultured HeLa cells were transfected with ei-
ther control, Scc4, Scc2, or Scc1 siRNAs and
processed 72 hr ([A–C], [E]) or 48 hr (D) after
transfection.
(A) Interphase HeLa cells transfected with
control or Scc4 siRNAs were fractionated
into cytoplasmic (S1), nucleoplasmic (S3),
and chromatin fractions (P3). Proteins in
these fractions and in total-cell extract (Tot)
were analyzed by immunoblotting with the in-
dicated antibodies. Histones recovered in P3
were detected by Coomassie staining.
(B) Serial dilutions of isolated chromatin frac-
tions obtained from either control or Scc4-
depleted cells were analyzed by immunoblot-
ting for Scc4 and cohesin subunits. ORC2
was analyzed as a loading control.
(C) Extracts from HeLa cells transfected with
control, Scc1, Scc4, or Scc2 siRNAs were an-
alyzed by immunoblotting with the indicated
antibodies. Scc2 immunoblot came from an
independent experiment (left panel). Cohesin
was immunoprecipitated with Smc3 anti-
bodies from the same extracts, and the im-
munoprecipitates were analyzed by immuno-
blotting with cohesin antibodies (right panel).
Note that partial Scc1 depletion reduces the
coimmunoprecipitation of SA1/SA2 with
Smc3, consistent with Scc1 bridging the as-
sociation between SA1/SA2 and Smc1/
Smc3. In contrast, neither Scc4 nor Scc2 de-
pletion affects the levels or integrity of the co-
hesin complex.
(D) Synchronized control or Scc4-depleted
cells were arrested in mitosis by nocodazole
treatment. Mitotic cells were collected by
shake-off and released from the arrest. At
the indicated time points, total-cell extracts
(left panel) and chromatin-bound fractions
(right panel) were prepared and analyzed by
immunoblotting. ORC2 was used as a control
for chromatin-associated proteins. Cyclin B,
HP1a, and CAP-D2 were analyzed to monitor
progression through mitosis. Histones were
stained with Coomassie. Note that Scc4 de-
pletion delayed and reduced the appearance
of cohesin in chromatin fractions, although
mitotic exit was not detectably delayed under
the experimental conditions used.
(E) Immunofluorescence analysis of Scc4,
Scc2, and Scc1 in depleted cells. Cells were
pre-extracted prior to fixation with formalde-
hyde and stained with Scc4 or Scc2 anti-
bodies and DAPI. Note that Scc2 depletion
affected Scc4 localization, whereas the op-
posite is not true (for discussion see text).
Bar represents 10 mm.metaphase and anaphase cells decreased significantly
after Scc4 depletion (Figure 5A). Even higher frequen-
cies of cells in prometaphase were seen after depletion
of Scc2 (57%) and Scc1 (69%).Almost half of the mitotic Scc4-depleted cells that
we classified as prometaphases in Figure 5A were ab-
normal in that they contained misaligned chromo-
somes. To analyze whether these were composed of
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(A–C) HeLa cells were fixed 72 hr after transfection with control, Scc4, Scc2, or Scc1 siRNAs and were stained with a-tubulin antibodies (red),
human CREST serum (green), and DAPI (blue) and analyzed by fluorescence microscopy. (A) Cells in prophase, prometaphase, metaphase, and
anaphase/telophase were counted, and the resulting numbers were expressed as percentage of the total number of mitotic cells. (B) Micro-
scopic images of Scc4-depleted cells with normal metaphase appearance (upper panel), congression defects (middle panel), and precocious
dissociation of sister chromatids (lower panel) are shown. In each case, CREST staining of one chromosome is shown at higher magnification
on the right-hand side. (C) The different phenotypes shown in (B) were counted, and the resulting numbers were expressed as percentage of the
total number of prometaphase/metaphase cells. Cells were classified as either having a congression or a cohesion defect on the basis of the
presence of two or one CREST dot per misaligned chromosome, respectively.
(D and E) Mitotic cells were treated for 2 hr with nocodazole and collected by shake off 48 and 72 hr after transfection with control, Scc4, Scc2, or
Scc1 siRNAs. After fixation with Carnoy, cells were spread and stained with Giemsa. (D) Representative images of chromosome spreads from
Scc4-depleted cells are shown. Individual chromosomes are shown at higher magnification on the right-hand side. Cohesion was considered
normal if chromosomes contained a primary constriction, i.e., sister chromatids were tightly connected at their centromeres (upper panel). Chro-
mosomes that lacked a primary constriction and in which sister chromatids were abnormally spaced, but in which chromatids were still closely
opposed to each other, were considered to have mild cohesion defects (middle panel). Complete separation of sister chromatids indicated loss
of cohesion (bottom panel). (E) The frequency of different phenotypes shown in (D) was determined and expressed as a percentage of total
prometaphase cells. Bars represent 10 mm.two sister chromatids or represented single chromatids,
we stained the cells with DAPI, a-tubulin antibodies, and
CREST sera that recognize a centromeric antigen. After
Scc4 depletion, about 50% of abnormal prometaphase
cells exhibited misaligned chromosomes that contained
only a single CREST dot, indicating that these chro-
mosomes represent single sister chromatids, whereasnone of the control cells contained single chromatids.
Similar results were obtained for Scc2-depleted cells,
and even higher frequencies of cells containing mis-
aligned single chromatids (54%) were seen after Scc1
depletion (Figures 5B and 5C).
To confirm that Scc4-depleted cells contain single
chromatids, we analyzed these cells by chromosome
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with nocodazole. Forty-eight and seventy-two hours af-
ter transfection with Scc4 siRNA, more than one-third
(35%) and more than two-thirds (67%), respectively, of
all cells in prometaphase and metaphase showed de-
fects in sister-chromatid cohesion (Figures 5D and 5E).
In some of these cells (21% of all prometaphase and
metaphase cells 72 hr after transfection), chromosomes
had increased distances between sister chromatids and
lacked primary constrictions, indicative of mild cohesion
defects, but in most cells (46%), only single chromatids
were seen. Depletion of Scc2 caused similar results, and
even higher frequencies of cells with cohesion defects
(92%) were seen after Scc1 depletion, whereas only
9% of all control cells contained chromosomes with co-
hesion defects. These observations indicate that Scc4 is
required for sister-chromatid cohesion and normal pro-
gression through prometaphase.
Chromosomes in Scc4-Depleted Cells Lack Cohesin,
Despite the Presence of the Cohesin Protectors
Sgo1 and Bub1 at Centromeres
To analyze whether the cohesion defects that are caused
by depletion of Scc4 might be due to insufficient
amounts of cohesin on mitotic chromosomes, we trans-
fected HeLa cells that stably express a 9x-myc-tagged
version of Scc1 with Scc4 siRNAs, removed soluble
proteins 72 hr later by pre-extraction, and analyzed co-
hesin by immunofluorescence microscopy with myc an-
tibodies. In control cells, 71% of prometaphase cells
were positive for centromeric Scc1-myc (the absence
of detectable signal in the remaining 29% of cells is
due to variegated Scc1-myc expression in this cell line;
[9]). In contrast, only 43% of prometaphase cells were
Scc1-myc positive after depletion of Scc4 (compared
to 25% and 15% after Scc2 and Scc1 depletion, respec-
tively; Figures 6A and 6C), indicating that the cohesion
defects of Scc4-depleted cells are caused by insufficient
amounts of cohesin on chromosomes.
The lack of cohesin on mitotic chromosomes could be
due to insufficient loading of cohesin onto chromatin,
but it could also be caused by a defect in the localization
of the cohesin protector Sgo1 to centromeres, or by pre-
mature activation of the cohesin protease separase. To
distinguish between these possibilities, we analyzed
Scc4-depleted prometaphase cells for the presence of
Sgo1 at centromeres. We also analyzed Bub1 in these
experiments because this kinase is required for proper
enrichment of Sgo1 at centromeres [16]. Immunofluores-
cence microscopy revealed that neither the centromeric
localization of Sgo1 nor that of Bub1 was compromised
by Scc4 depletion (Figures 6B and 7C, respectively).
To address whether Scc4 depletion leads to prema-
ture separase activation, we analyzed whether Scc4-de-
pleted cells contain cyclin B because both destruction
of cyclin B and activation of separase depend on activa-
tion of the ubiquitin ligase APC/C (anaphase- promoting
complex/cyclosome). Almost all Scc4-depleted cells
that contained misaligned chromosomes or single sister
chromatids also contained high levels of cyclin B (Fig-
ures 7A and 7B). Scc4 depletion did also not abolish
centromeric localization of the kinase Aurora B, which
redistributes from centromeres to the spindle midzone
in anaphase (Figure 7C). As already mentioned, Scc4depletion also did not affect the kinetochore localization
of Bub1, which is removed from kinetochores in ana-
phase (Figure 7D). These observations imply that loss
of sister-chromatid cohesion in Scc4-depleted cells is
not due to activation of separase and progression into
Figure 6. Mitotic Chromosomes from Scc4-Depleted Cells Lack
Cohesin but Not Sgo1 on Centromeres
Cells expressing Scc1-myc (A) or not (B) were transfected with con-
trol, Scc4, Scc2, or Scc1 siRNAs and stained with CREST serum
(red) and either with myc (A) or Sgo1 antibodies (B) 72 hr after trans-
fection. DNA was stained with DAPI. Prometaphase cells displaying
centromeric Scc1-myc or Sgo1 staining were scored, and the result-
ing numbers were expressed as percentages of total prometaphase
cells. Bars represent 10 mm.
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HeLa cells were treated with control, Scc4, Scc2, or Scc1 siRNAs and analyzed 72 hr after transfection.
(A) Mitotic Scc4-, Scc2-, and Scc1-depleted cells contain high levels of cyclin B1. Cells were stained with cyclin B1 antibodies and CREST serum,
and DNA was counterstained with DAPI.
(B) Mitotic cells from the experiment shown in (A) were classified into five categories according to their chromosome morphology and scored for
the presence or the absence of cyclin B1 staining. Dark gray bars represent the frequency of each category, and light gray bars represent the
frequency of cells falling into each category and being positive for cyclin B1 staining.
(C) Aurora B persists at centromeres in mitotic Scc4-, Scc2-, or Scc1-depleted cells. Cells prepared as in (A) were stained with Aurora B anti-
bodies and CREST serum. DNA was stained with DAPI.
(D) The spindle-checkpoint protein is present at kinetochores in mitotic Scc4-, Scc2-, and Scc1-depleted cells. Cells were treated as in (A),
stained for Bub1 and CREST, and counterstained with DAPI. Bar represents 10 mm.anaphase. Instead, the amounts of cohesin that can be
loaded onto chromatin in the absence of normal Scc4
levels may not be sufficient for sister-chromatid cohe-
sion in mitosis.
Discussion
Although sister-chromatid cohesion mediated by the
cohesin complex is essential for mitosis, meiosis, and
DNA repair, very little is known about how cohesin is
loaded onto chromatin. In budding yeast, this process
depends on the Scc2 and Scc4 proteins that interact
with each other [21, 22] and that are located at chromo-
somal sites at which cohesin first associates withchromatin [34]. Like cohesin subunits, Scc2 has been
highly conserved in evolution and appears to be re-
quired for sister-chromatid cohesion not only in yeast
but also in higher eukaryotes, but surprisingly no ortho-
log of Scc4 had been discovered so far.
Identification of a Family of Scc4-Related Proteins
We used a bioinformatic approach to identify a family of
Scc4-related proteins that has members in fungi, plants,
and animals, including humans. Like other members of
the cohesion apparatus (Scc2, Pds5, Scc3/SA1/SA2)
these proteins are characterized by the presence of he-
lical repeats, in this case TPR domains that are thought
to mediate protein-protein interactions. Although the
Current Biology
872actual sequence similarity between yeast Scc4 and the
proteins that we have identified in other species is very
low, we are confident that these proteins represent
true orthologs of Scc4. This notion is based on our ob-
servations that human and Xenopus Scc4 are associ-
ated with Scc2 and that human Scc4 is required for
sister-chromatid cohesion, as is Scc4 in yeast. The
Drosophila and human members of the Scc4 family
have also been found to interact with the corresponding
Scc2 orthologs (Nipped-B/delangin) in yeast two-hybrid
experiments ([35], S.H. Laval and T. Strachan, personal
communication), and the fission-yeast ortholog of Scc4
(called Ssl3) has been identified as a protein that is
required for sister-chromatid cohesion (J.P. Javerzat,
personal communication).
How Does Scc4 Promote Sister-Chromatid
Cohesion?
The most prominent phenotype that is seen after deple-
tion of Scc4 in human cultured cells is an accumulation
of cells in mitosis where some chromosomes have failed
to congress to the metaphase plate and where in many
cases chromosomes have lost cohesion precociously.
These cells contain high levels of cyclin B in the cytosol
and of Aurora B at centromeres, implying that the cells
have not yet activated the APC/C and separase and have
not progressed to an anaphase-like state. Instead, the
cells are delayed in prometaphase, probably as a result
of activation of the spindle-assembly checkpoint, and
appear to lose cohesion without activation of separase.
This phenotype is very similar to the one that is seen
when cohesin or its centromeric protector Sgo1 is de-
pleted and when, as a result, cohesion can either not
be established during S phase or cannot be maintained
during prophase and prometaphase [14–17, 36, 37].
However, Scc4-depleted cells differ fundamentally
from both these situations in that neither cohesin as-
sembly nor levels are affected and that Sgo1 accumula-
tion at centromeres is not compromised. Instead, the
principal cause of cohesion defects in Scc4-depleted
cells appears to be a deficiency of these cells in stably
loading cohesin complexes onto chromatin. These ob-
servations indicate that Scc4 has an indirect but essen-
tial role in promoting sister-chromatid cohesion by en-
abling the association of cohesin with chromatin.
Is Scc4 Required for the Prophase Pathway?
In prometaphase and metaphase, human chromosomes
normally contain very small amounts of cohesin that,
nevertheless, are able to maintain sister-chromatid co-
hesion until anaphase onset [9]. At first glance, it is
therefore surprising that the small amounts of cohesin
that can still be seen on interphase chromatin in Scc4-
depleted cells are not sufficient to maintain cohesion
in mitosis. However, in many Scc4-depleted prometa-
phase cells, we could not detect any cohesin on chro-
mosomes. The simplest interpretation of these observa-
tions is that most of the few cohesin complexes that are
still loaded onto interphase chromatin in Scc4-depleted
cells are removed from chromosomes in early mitosis by
the prophase pathway, which then leads to precocious
loss of sister-chromatid cohesion. An important implica-
tion of this hypothesis is that Scc2 and Scc4 may not be
required for cohesin unloading from chromosomes, andthat therefore the unloading reaction cannot simply be
a reversal of the loading process. The latter notion is
also supported by the observation that phosphorylation
of cohesin’s SA2 subunit is required for cohesin dissoci-
ation from chromosomes but not for cohesin loading
and establishment of cohesion [13]. The Scc2/Scc4-de-
pendent association of cohesin with chromatin in inter-
phase may therefore involve a molecular event that can-
not easily be reverted until the prophase pathway
removes cohesin from chromosomes by a distinct
mechanism. This property of the cohesin-loading pro-
cess could be important to ensure that cohesion is not
lost precociously during interphase.
Cell-Cycle Regulation of Scc4’s Chromatin
Association
In vertebrates, both Scc4 and Scc2 dissociate from
chromosomes in prophase with kinetics that are similar
to the dissociation of cohesin, and both Scc4 and Scc2
rebind to chromosomes in telophase when cohesin re-
localization to chromosomes is first seen ([29] and this
study). It is therefore possible that the chromosome
binding of Scc2/Scc4, like the behavior of cohesin [13],
is regulated by mitotic phosphorylation, and it is con-
ceivable that Scc2 and Scc4 dissociate from mitotic
chromosomes to prevent during mitosis the de novo
loading of cohesin, which could have negative effects
on chromosome segregation.
Scc2 can bind to heterochromatin protein 1 (HP1)
in vitro, and it has been proposed that this interaction
is required for association of Scc2 with chromatin [38].
Like Scc2 and Scc4, HP1 dissociates from mitotic chro-
mosomes and rebinds in telophase ([39] and references
therein). However, we have not seen a reduction in
Scc2 and Scc4 staining on interphase chromatin in
mouse cells that are lacking Suv39 histone methyltrans-
ferases and in which therefore the association of HP1
with chromatin is greatly reduced [40], and we have
also not been able to detect any association between
Scc2/Scc4 and HP1 in immunoprecipitation experi-
ments (data not shown). Furthermore, Scc2 and Scc4
also stably associate with chromatin in budding yeast
whose genome does not contain an HP1 ortholog. HP1
may thus not be essential for the binding of Scc2 and
Scc4 to chromatin.
Does Scc4 Have Functions that Are Independent
of Its Role in Sister-Chromatid Cohesion?
The C. elegans ortholog of the Scc4 family, mau-2, has
recently been identified as a gene whose mutation
causes either larval lethality or, in animals that reach
adulthood, uncoordinated locomotion and egg-laying
defects that are associated with neuronal and axonal-
guidance defects [41]. At first glance, these phenotypes
seem inconsistent with a role of MAU-2 in sister-chro-
matid cohesion. However, MAU-2 protein is most highly
expressed in early embryogenesis, when most cell divi-
sions take place. Furthermore, inactivation of the worm
Scc2 (PQN-85) and Scc1 (SCC-1) orthologs and of sev-
eral other worm cell-cycle genes has also been found
to cause developmental defects, including uncoordi-
nated locomotion and egg-laying defects (http://www.
wormbase.org; [42]). It is therefore possible that MAU-
2 is also required for the association of cohesin with
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tholog PQN-85.
Interestingly, MAU-2 expression is not restricted to
proliferating cells but is also detected in neurons in adult
animals [41]. Scc4 proteins could therefore have func-
tions beyond sister-chromatid cohesion in postmitotic
cells, a possibility that is also supported by the observa-
tion that mutation of Drosophila Nipped-B/Scc2 causes
transcriptional defects and that mutation of Scc2 in hu-
mans causes the severe developmental defects that are
associated with Cornelia de Lange syndrome.
Conclusions
In summary, our data indicate that the function of Scc4
has been conserved during evolution and that Scc4 col-
laborates with Scc2 in the loading of cohesin onto chro-
matin. This process is essential for the establishment of
sister-chromatid cohesion and for subsequent chromo-
some segregation in mitosis. Future work will have to
address the molecular mechanism of Scc2/Scc4 func-
tion and whether or not these proteins have distinct
roles in transcriptional regulation.
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